The contribution of Starlette, Stella, and AJI-SAI is currently neglected when defining the International Terrestrial Reference Frame, despite a long time series of precise SLR observations and a huge amount of available data. The inferior accuracy of the orbits of low orbiting geodetic satellites is the main reason for this neglect. The Analysis Centers of the International Laser Ranging Service (ILRS ACs) do, however, consider including low orbiting geodetic satellites for deriving the standard ILRS products based on LAGEOS and Etalon satellites, instead of the sparsely observed, and thus, virtually negligible Etalons. We process ten years of SLR observations to Starlette, Stella, AJISAI, and LAGEOS and we assess the impact of these Low Earth Orbiting (LEO) SLR satellites on the SLR-derived parameters. We study different orbit parameterizations, in particular different arc lengths and the impact of pseudostochastic pulses and dynamical orbit parameters on the quality of the solutions. We found that the repeatability of the East and North components of station coordinates, the quality of polar coordinates, and the scale estimates of the reference are improved when combining LAGEOS with low orbiting SLR satellites. In the multi-SLR solutions, the scale and the Z component of geocenter coordinates are less affected by deficiencies in solar radiation pressure modeling than in the LAGEOS-1/2 solutions, due to substantially reduced correlations between the Z geocenter coordinate and empirical orbit parameters. Eventually, we found that the stan- dard values of Center-of-mass corrections (CoM) for geodetic LEO satellites are not valid for the currently operating SLR systems. The variations of station-dependent differential range biases reach 52 and 25 mm for AJISAI and Starlette/Stella, respectively, which is why estimating stationdependent range biases or using station-dependent CoM, instead of one value for all SLR stations, is strongly recommended. This clearly indicates that the ILRS effort to produce CoM corrections for each satellite, which are site-specific and depend on the system characteristics at the time of tracking, is very important and needs to be implemented in the SLR data analysis.
Introduction

SLR geodetic satellites
The spherical geodetic satellites have greatly contributed to high-precise space geodesy in the last decades. Starlette was the first satellite with a minimized area-to-mass ratio, due to a dense core made by Uranium, and thus, with minimized non-gravitational forces perturbing the satellite orbit. Starlette was launched in 1975 by the French Space Agency and defined together with the Laser Geodynamics Satellite (LAGEOS-1), launched one year later, the advent of a new era in Satellite Laser Ranging (SLR). For many years, the SLR observations to Starlette and LAGEOS-1 allowed determining positions and motions of SLR stations (and thus also the plate motions), Earth Rotation Parameters (ERP), the global scale, and the tidal displacements with a great precision (e.g., Smith and Turcotte 1993; Cheng et al. 1990 ). The constellation of geodetic SLR satellites was extended by the launch of AJISAI (also called the Experimental Geodetic Payload), LAGEOS-2, and Stella in 1986 , 1992 , and 1993 , respectively. LAGEOS-2 and Stella are twins of LAGEOS-1 and Starlette, respectively, with similar altitudes and area-to-mass ratios, but with different inclinations of the satellite orbits (see Table 1 ). The area-to-mass ratio of AJISAI is larger than the value of the other aforementioned satellites, because AJI-SAI was designed not only for SLR, but also for optical observations (Sengoku 1998) . Therefore, the satellite is equipped with curved mirrors covering the large satellite surface in addition to the embedded laser-dedicated retroreflectors. Schutz et al. (1989) demonstrated the potential of Starlette for the determination of ERP. At that time, the best pole coordinates from Starlette agreed within 4.4 and 3.6 mas for the X and Y coordinates of the pole, respectively, with values obtained from LAGEOS-1 observations. In a recent analysis, Gourine (2012) demonstrated that ERP obtained from a combined solution containing LAGEOS-1 and LAGEOS-2 are better than those from a combined LAGEOS-1 and Starlette solution. A combined LAGEOS-1/2 -Starlette solution was, however, not considered. Thus, an improvement of a combined multi-satellite solution has not yet been demonstrated. Lejba and Schillak (2011) showed that Starlette, Stella, and AJISAI can be used for the determination of SLR station coordinates and velocities, however with an inferior quality compared to the LAGEOS solutions. The analysis revealed artifacts of the vertical component of station coordinates when using AJISAI data. For some SLR stations, the vertical component is systematically shifted w.r.t. the vertical component obtained from LAGEOS or Starlette/Stella solutions. Otsubo et al. (1999) and Otsubo and Appleby (2003) studied the Center-of-Mass corrections (CoM) of AJISAI, LAGEOS, and Etalon and showed that applying one CoM correction for all SLR stations is not sufficient for large SLR satellites. They concluded that the CoM should be applied station-specific, because of differences in equipments and screening procedures at SLR stations.
In 2012, a new geodetic satellite-the Laser Relativity Satellite (LARES) was launched (Paolozzi and Ciufolini 2013) . LARES has the smallest area-to-mass ratio of all satellites in orbit. We do not study the contribution of LARES, because of the relatively short time span of SLR observations as compared to other geodetic satellites. First results of LARES-derived reference frame can be found, e.g., in Sośnica et al. (2014) .
Goal of the analysis
Up till now, the contributions of Starlette, Stella, and AJISAI have completely been neglected when defining the International Terrestrial Reference Frame (ITRF, Altamimi et al. 2011) , despite the huge amount of data collected in a long time span. International Laser Ranging Service (ILRS, Pearlman et al. 2002) routinely generates products based on high orbiting LAGEOS and Etalon satellites, whereas geodetic Low Earth Orbiters (LEO) do not contribute to the ILRS solutions. The SLR-derived parameters and the SLR part of the ITRF are, therefore, almost solely defined by LAGEOS-1 and LAGEOS-2, because the contribution of the very high orbiting Etalon satellites is virtually negligible (Thaller et al. 2014b) .
Currently, the ILRS ACs consider the possibility of including low orbiting geodetic satellites to the standard ILRS prod-ucts (e.g., LARES, Starlette) instead of including the sparsely observed Etalons 1 . One may ask whether the SLR-derived reference frame and ERP can be improved by incorporating SLR observations to Starlette, Stella, and AJISAI?
We study the potential of combining many SLR satellites with different orbital characteristics by adopting a parameterization of SLR LEO orbits based on pseudo-stochastic pulses (instantaneous velocity changes at particular epochs in three directions applied to satellite orbits with predefined sigmas). We use latest state-of-the-art models according to the IERS Conventions 2010 (Petit and Luzum 2011) . 10 years of SLR data are homogeneously processed using the development version 5.3 of the Bernese GNSS Software (Dach et al. 2007 ). Special emphasis is put on the aspects related to orbit parameterization, the impact of LEO data on the estimation of geocenter coordinates, ERP, and the station coordinates.
The Bernese GNSS Software was originally designed for processing GNSS data, but was recently extended by the capability of processing SLR data to high orbiting spherical satellites (Thaller et al. 2011) . For the purpose of this paper, the capability of processing low orbiting spherical satellites was added to the Bernese GNSS Software.
Orbit modeling
Precise orbit determination of geodetic LEOs such as Starlette, Stella, and AJISAI is more demanding than the determination of the LAGEOS orbits, because of: -A larger sensitivity to the Earth gravity field and to its temporal variations, -Deficiencies in air drag models and variations of atmosphere density in the upper atmosphere, -Deficiencies of SLR station-specific range biases due to different laser systems used at SLR stations.
The issue of uncertainties and the sensitivity to the timevarying Earth gravity field is handled using the Earth gravity field model EGM2008 ) based mostly on data of the GRACE mission, and the estimation of timevariable low-degree gravity field coefficients from the SLR data. EGM2008 is used up to degree 30 for LAGEOS (Sośnica et al. 2012a ) and up to degree 90 for the LEOs. Some of the low-degree harmonics are not taken from the model, but are replaced by the values from the IERS Conventions 2010 (Petit and Luzum 2011) . This includes the application of drifts for the low-degree zonal coefficients up to degree 4. Deficiencies in atmospheric drag models are absorbed by estimating empirical and stochastic orbit parameters (see Sect. 2.3).
The issue of poorly known CoM corrections for LEOs is addressed by estimating station-and satellite-specific range biases and by combining LEO and LAGEOS solutions. The CoM corrections for LAGEOS satellites are well established and no range biases for most SLR stations have to be estimated in the LAGEOS solutions. Therefore, the station-and LEO-specific range biases may compensate for inadequate values of CoM corrections of LEO satellites. Moreover, the resulting combined solutions are entirely consistent with the LAGEOS solutions, because the scale is derived from LAGEOS tracking data to the greatest extent.
Orbit parameterization
The satellite orbits are defined by a set of six osculating orbital elements referring to the initial epoch of the arc, up to nine dynamical orbit parameters, and by pseudo-stochastic pulses (Beutler et al. 1994) . The dynamical orbit parameters absorb unmodeled and mismodeled gravitational and non-gravitational forces perturbing the satellite orbits. They are represented by constant accelerations and/or once-perrevolution (OPR) terms in three directions, i.e., radial (R), out-of-plane (W ) and along-track (S). The angular argument associated with OPR accelerations is u, i.e., the argument of latitude. Typically, a subset of these parameters is used for the precise orbit determination (see Sects. 2.2. and 2.3). The pseudo-stochastic pulses are velocity changes imposed on the satellite orbits acting in the aforementioned pre-defined directions at pre-defined epochs. They are constrained to zero with user-defined a priori standard deviations. The pseudostochastic pulses compensate for unmodeled accelerations and they assure the continuity of the orbit. Pseudo-stochastic orbit parameters are used at the Center for Orbit Determination in Europe (CODE, Dach et al. 2009 ) not only for the determination of GNSS orbits, but also for the determination of orbits of LEO satellites (Jäggi et al. 2006 ) and for gravity field determination using, e.g., GRACE data (Beutler et al. 2010 ). Table 1 shows the characteristics of geodetic satellites. Analysis specifications are provided in Table 2 .
LAGEOS orbits
The dynamical S 0 parameter (constant acceleration in along-track) absorbs in particular the unmodeled Yarkovsky and the Yarkovsky-Schach thermal effects (Rubincam 1998) , which are responsible for the decay of the semi-major axis of the LAGEOS satellites. The OPR sine/cosine terms (SS/SC) absorb the in-plane orbit perturbations, caused by mismodeled direct and indirect solar radiation pressure, unmodeled thermal forces, and the asymmetric LAGEOS reflectivity (Métris et al. 1997) . As opposed to the typical orbit parameterization of the ILRS ACs 2 , the OPR terms in out-ofplane are not estimated, because of the correlation between piecewise linear (PWL) Length-of-Day (LoD), C 20 , and the W OPR term acting on the entire arc (Sośnica et al. 2012a; Jäggi et al. 2012 ).
LEO orbits
In the Starlette, Stella, and AJISAI (LEO) 7-day solutions, we apply the model NRLMSISE-00 (Picone et al. 2002) for the atmospheric drag and we estimate daily scaling factors instead of a constant acceleration in along-track (S 0 , see Table 2 ). The OPR dynamical parameters together with pseudostochastic pulses account for large orbit perturbations due to variations of the atmosphere density in the upper atmosphere. In analogy to the LAGEOS satellites, the dynamical parameters account also for the mismodelled forces due to direct solar radiation pressure, indirect radiation pressure (albedo), and thermal effects for Starlette, Stella, and AJISAI. Pseudostochastic pulses are estimated at intervals of one revolution period in the along-track direction with an a priori standard deviation of 10 −7 m/s.
We estimate range biases for all SLR stations, because of the lack of precise CoM corrections for LEO. Therefore, the scale in LEO-only solutions suffers from a rank deficiency, whereas in the combined LAGEOS-LEO solution the scale is defined almost uniquely by LAGEOS. The LAGEOS-derived scale is of superior quality due to much less perturbed orbits and the well-established CoM corrections . We adopted the standard a priori CoM correction (see Table 1 ) for AJISAI, whereas the CoM corrections for Starlette and Stella are taken from Ries (2008) .
Solution set-up
As recommended by the IERS Conventions 2010, the atmospheric tidal loading with S 1 , S 2 constituents is applied. In addition, we apply the non-tidal atmospheric loading station corrections to remove the Blue-Sky effect and the associated scale deficiency of 0.2 ppb (Sośnica et al. 2013) .
SLRF2008 3 -the ILRS realization of ITRF2008 (Altamimi et al. 2011 ) serves as a priori reference frame. The datum is defined in every solution by imposing the no-net-rotation and no-net-translation minimum conditions. For the datum definition, the SLR core sites are selected as recommended by the ILRS. The ILRS-recommended data handling file 4 is used, as well. The data handling file is maintained by the ILRS and contains, e.g., range biases and requested data exclusions. The set of core stations is verified in every week by removing the core stations with RMS of residuals from the Helmert transformation larger than 25 mm for at least one component. Stations observing only one pass of one satellite are also rejected from the datum definition.
The direct and indirect solar radiation pressure (Earth's albedo and Earth's infrared emissivity) are taken into account by assuming the satellites to be homogeneous spheres. The radiation pressure coefficient C R is fixed to the values from Table 1 . The specularity of Earth's surface is neglected for the albedo reflectivity (Rodriguez-Solano et al. 2012) .
We use the PWL ERP parameterization (Thaller et al. 2014b) , in which the polar motion and UT1-UTC are represented by polygons, and therefore, they are continuous at the day boundaries. UT1-UTC is fixed to the a priori IERS-08-C04 series at the day boundary between the third and fourth day, to avoid correlations with the satellite ascending nodes. Thaller et al. (2014b) show that the PWL parameterization is more effective for ERP determination in LAGEOS solutions than the piecewise constant ERP parameterization, in particular in a simultaneous estimation of LoD and C 20 .
The adopted a priori observation sigmas from the variance analysis of observation residuals are 10, 20, and 25 mm for LAGEOS-1/2, Starlette/ Stella, and AJISAI normal point observations, respectively (see Table 1 ). Figure 1 shows the number of SLR observations (normal points) in the weekly LAGEOS-1/2 solutions, and in the Starlette, Stella, AJISAI solutions. On the average, there are 5,500 observations to the LEO satellites and 3,060 observations to the LAGEOS-1/2 satellites contributing to 7-day solutions after screening. Therefore, in a combined solution, the number of observations (8,560) is almost three times larger than the number of SLR observations to the LAGEOS-1/2 satellites only. The largest number of observations was collected in 2006-2007, partly due to a high productivity of the Zimmerwald observatory, where two wavelengths were used simultaneously (Gurtner et al. 2006) . Apart from this period, the number of observations is similar for all years, with a characteristic annual signal and minima in winters in the Northern hemisphere.
Solution statistics
Most LEO observations are made to AJISAI (3,010 per week) and only 1,677 to Starlette, and eventually 813 to Stella.
The number of parameters is larger in the LEO solution than in the LAGEOS solutions due to the advanced orbit parameterization and due to the estimation of range biases for all stations. The number of estimated parameters is 150, 540, and 580, respectively in the LAGEOS-1/2, the LEO, and the combined solutions. The difference of the number of parameters between the LEO and combined solutions is only 40, because only LAGEOS orbit parameters and LAGEOS range biases are added, whereas all other parameters are common in both solutions. Figure 2 shows the number of station contributing to 7-day solutions. On an average, 19.8, 21.1, and 22.4 stations contributed to the LAGEOS-1/2, LEO, and the combined solutions, respectively. Therefore, in the combined solution, there are about 10 % more SLR stations than in the LAGEOSonly solution. Consequently, more stations may be used to define the reference frame.
Orbit improvement
We study different orbit parameterizations of LEO satellites to find a solution that is maximally consistent with external sources (IERS-08-C04, SLRF2008) using a minimum number of estimated dynamical and stochastic orbit parameters. Moreover, we try to keep the LEO solutions to the greatest extent consistent with the official ILRS ACs' LAGEOSEtalon products.
We investigate the impact of the orbit parameterization on the basic products that are routinely derived by the ILRS, i.e., ERP and station coordinates. In particular, we compare:
-RMS of observation residuals, -Coordinates of the polar motion and LoD estimates w.r.t.
IERS-08-C04 (Petit and Luzum 2011), -Station coordinates (RMS of 7-parameter Helmert transformation w.r.t. SLRF2008).
Parameter interval spacing
We compare our standard LEO 7-day solution (A, see Table 3 ), described in Sect. 2 with the solutions characterized by:
-Estimating 1 instead of 7 sets of dynamical parameters per 7-day arc (B1), or estimating 7 sets of dynamical parameters and osculating elements per 7-day solution (B2), -Estimating pseudo-stochastic pulses in all directions (C1) or neglecting the estimation of pseudo-stochastic pulses (C2), -Estimating the 6-day solutions with 1 set of osculating elements and 2 sets (D1) or 3 sets (D2) or 6 sets (D3) of dynamical parameters.
All long-arc solutions are estimated by stacking 1-day consecutive normal equations containing all parameters. An approach described by Beutler et al. (1996) is applied for stacking osculating elements, dynamical parameters, and introducing pseudo-stochastic pulses at orbit boundaries. The a posteriori errors of ERP from individual solutions are used for estimation of mean offsets and weighted root mean square error (WRMS) Table 3 gives an overview of orbit parameterization and its impact on ERP estimation, whereas the results of the coordinate comparisons are provided in Fig. 3 . Solutions B1 and B2 show a clear degradation of WRMS of pole coordinates, reaching even 100 % for the X pole coordinate WRMS for B1 w.r.t. solution A. Only the WRMS of LoD is slightly improved in solution B1 w.r.t. A, because the daily LoD estimates can be decorrelated better when the dynamical parameters are estimated on a weekly basis. The RMS of the Helmert transformation of station coordinates shows a serious degradation of solutions B1 and B2 w.r.t. the solution A (see Fig. 3 ). The station coordinates become particularly unstable in B2 when osculating elements are estimated on a daily basis.
The results from solution C1 are very close to these of solution A. i.e., no further improvement is achieved when estimating stochastic pulses in W and R directions. The estimated values of the parameters are far below their formal a posteriori errors, i.e., they are insignificant. Therefore, the estimation of pulses in W and R can be skipped. Introducing stochastic pulses in all directions may degrade other parameters, e.g., LoD.
Neglecting the estimation of stochastic pulses in S (sol. C2) increases the WRMS of the X pole and the Y pole coordinate by 30 and 26 %, respectively (see Table 3 ). The station coordinates are also worse defined in the sol. C2 than in the sol. A (on an average by 1.4 mm). The values of estimated stochastic pulses only in the S direction exceed the value of a posteriori error, i.e., they are significant. We conclude that the stochastic pulses in along-track significantly improve the estimation of ERP and station coordinates. The estimation of the osculating elements, dynamical parameters, and ERP with different parameter spacing (D1, D2) shows a slightly inferior quality w.r.t. solution D3, despite a smaller correlation between the derived parameters.
We selected solution A as the standard LEO solution for subsequent investigations for the sake of consistency with the LAGEOS 7-day solutions and because this solution delivers the best results for most of the estimated parameters. Table 4 and Figure 4 illustrate the results from 10 years single-satellite solutions, combined solutions of two satellites, and the combined solution of all LEO satellites (Solution A in Table 3 and Fig. 3 ). The RMS of observation residuals should not be considered as a conclusive quality indication of solutions, because the degree of freedom strongly differs in the solutions.
Individual solutions
The Stella-only solution shows a poor quality for station coordinates and polar motion w.r.t. Starlette-only and AJISAI-only solutions. The WRMS of the X and the Y pole coordinates (∼850 μas) is about three times larger than for the other single-satellite solutions (∼250 μas). There are two reasons for the inferior quality of the Stella solutions: on one hand the small number of observations, on the other hand the specific sun-synchronous orbit and the orbital inclination of 98.6 • resulting in a low sensitivity for polar motion and significant resonances between the apparent diurnal (S 1 ) and semidiurnal (S 2 ) motion of the Sun and the Stella's orbit (Cheng et al. 1997) .
Station coordinates and polar motion are very well established in the combined AJISAI-Starlette solution, resulting in a 3D RMS of the Helmert transformation of 18.6 mm and in a WRMS of 207 and 184 μas for the X pole and Y pole coordinate, respectively. The combined solutions using AJISAI-Stella or Starlette-Stella show a serious degrada- In recent studies, the tandem Starlette-Stella has been used for deriving various geodetic parameters, e.g., for determining elastic Earth parameters (Rutkowska and Jagoda 2012) or estimating station coordinates (Lejba and Schillak 2011) . From our study, we conclude that the StarletteStella solution is not well suited for estimating station coordinates (3D RMS of 20.5 mm) and polar motion. Much better results can be achieved by combining three LEO satellites.
The AJISAI-Starlette-Stella solution shows only a minor degradation of polar motion estimates w.r.t. the AJISAIStarlette solution. On the other hand, the solution reduces the LoD offset by about a factor of ten. Both, the AJISAIStarlette-Stella and the AJISAI-Starlette solutions, show a similar quality for the station coordinates (18.6-18.7 mm of 3D RMS), which is better than in all other combinations (above 20 mm of 3D RMS for the Helmert transformation).
Combined LEO-LAGEOS solutions
Station coordinates
Some of the SLR stations in the ILRS network are not capable of observing LAGEOS satellites, or the number and quality of LAGEOS observation are not sufficient for deriving station coordinates. In the latter case, such stations are eliminated during the screening process. The only way to estimate reliable positions for such stations is to use observations of LEO satellites.
In our solution, the positions of six SLR stations are estimated exclusively on the basis of LEO observations: Mendeleevo, Russia (1870), Helwan, Egypt (7831), Lhasa (7356) and Bejing-A, China (7357), Cagliari, Italy (7548) and the mobile French Transportable Laser Ranging Station in Burnie, Tasmania (7370) . Not all of these stations are included in the official release of ITRF2008, whereas most of the stations are available in the extended SLRF2008 reference frame, except for Mendeleevo. Most of these stations are, however, temporarily observing sites or provide sparse SLR data of low quality. Figure 5 shows the estimated coordinate time series of Arequipa, Peru (7403) from the LAGEOS-1/2 and LEO solutions. The coordinates are referred to the SLRF2008. The station provides more observations to LEO satellites, thus the number of LEO solutions is larger than the LAGEOS solutions. The continuous long time series of station coordinates for an SLR station like Arequipa is important, because in the eighties and nineties Arequipa was the only SLR station in South America, bearing in mind that only 15 % of all SLR stations are located in the Southern hemisphere.
The differences of station repeatability in LAGEOS and LEO solutions are shown in Fig. 6 . Positive values denote a better repeatability of the LAGEOS solutions, negative values of the LEO solutions. The SLR stations are sorted according to the number of weekly solutions. For the high-performing sites, a better repeatability is obtained in the LAGEOS solution. There are a few exceptions, e.g., Changchung, China (7237) and San Fernando, Spain (7824), for which the East component is slightly better determined by the LEO solutions, due to the improved observation geometry. As the range biases are estimated for LEO satellites, we cannot expect a better repeatability of the vertical component in the LEO solutions.
On the other hand, the repeatability of stations contributing to few solutions is better in the LEO solutions, because of the larger number of observations to LEO satellites and because of using three satellites in the LEO solution instead of two satellites in the LAGEOS solution and thus the improved observation geometry. Again, the East component benefits most in LEO solutions w.r.t. LAGEOS solutions, especially for Shanghai, China (7837), Simeiz, Ukraine (1873), Borówiec, Poland (7811), and Tahiti, French Polynesia (7124). The repeatability of other station components is better for stations with a short time span of observations, e.g., for Haleakala, Hawaii (7210) observing for two years within the considered time span. Figure 7 illustrates the time series of station coordinates for the high-performing core station Zimmerwald. Peaks related to unsatisfactory LEO solutions due to a small number of observations disappear in the combined solution. Before 2008, the vertical component is noisy in all solutions, because range biases are estimated for all satellites, including the LAGEOS satellites. It is remarkable that the vertical component in the combined solution for Zimmerwald is stable, although different wavelengths (423.0, 532.1, 846.0 nm) and different SLR receiver systems were used. The major part of equipment changes is, thus, absorbed by range biases, as expected. The vertical component in the LEO solutions is well determined, thanks to a large amount of data collected by Zimmerwald and a good observation geometry, although range biases are estimated to all LEO satellites. Equipment changes show up in the estimated range biases (see Sect. 6).
The difference of the repeatability in the LAGEOS solution and in the combined solution is presented in Fig. 8 . Positive values denote a better repeatability in the combined solution, negative values in the LAGEOS solution. In general, the repeatability of station coordinates improves when combining LAGEOS data with the Starlette, Stella, and AJI- SAI data. The improvement is most prominent for horizontal components and for non-core SLR stations.
We thus conclude that combining LEO with LAGEOS satellites does not worsen the LAGEOS-derived coordinates, but improves in particular the East components of station coordinates due to the mended observation geometry. For some of the SLR stations, coordinates can only be obtained by analyzing the observations to LEO satellites, because, e.g., of the lack of LAGEOS observations. Figure 9 shows the examples of the X and the Z components of geocenter coordinates resulting from the LEO, LAGEOS, and combined solutions. All series show a similar signal for the geocenter motion, but the LEO solution is noisier than the solutions including the LAGEOS satellites (see Table 5 ). The mean a posteriori error of the coordinate X of the geocenter (m x ) is smallest for the LAGEOS-only and the combined solutions, amounting 0.74 and 0.72 mm, respectively. For the Y coordinate, a reduction of the a posteriori error is slightly larger, amounting from 0.81 to 0.74 mm, whereas the Z component has the smallest error and shows the smallest scatter in the combined solution (0.92 mm in the combined solution, compared to 1.31 mm in the LAGEOS solution).
Geocenter
The Z component of the geocenter is of special concern, because estimation of this component using satellite techniques is strongly affected by the solar radiation pressure modeling deficiencies (Meindl et al. 2013) . Therefore, reliable estimates of the Z geocenter coordinate cannot be derived from GPS, GLONASS, or DORIS satellites.
In the LEO and combined solutions, the errors of the estimation of the amplitude of annual signal in the Z geocenter are smaller than in the LAGEOS solution. The Z compo- Fig. 9 Time series of the X and the Z components of geocenter coordinates (left), a spectrum analysis (middle) and differences w.r.t. the combined solutions (right). The RMS of differences w.r.t. the combined solutions are 1.5, 1.8, and 2.2 mm for the X , Y , and Z components for the LAGEOS-1/2 solutions, respectively, and 3.1, 3.4, 3.2 mm for the X , Y , and Z components for the Stella, Starlette, AJISAI solution, respectively Mean offset, drift, amplitudes of annual and semiannual signals are given w.r.t. SLRF2008 and were estimated using the least squares method nent in the combined solution benefits especially from the Stella orbit, which is almost in a polar orbit. Observations of satellites in polar orbits maximize the topocentric satellite position unit vector along the Z axis of the reference frame (see Eq. 2 from Meindl et al. 2013) , which is associated with the maximum of the partial derivatives of the range observations w.r.t. the Z geocenter parameter in the normal equation system. Thus, the satellites in polar or high-inclined orbits carry a valuable information for the determination of the Z geocenter component. The spectral analysis of the Z coordinate of the geocenter shows that the amplitude associated with the period related to the draconitic year of LAGEOS-2 (the time interval between two subsequent crossings, in the same direction, of the Sun through the satellite's orbital plane, amounting 222 days for LAGEOS-2, see Table 1 ) is reduced from 0.60 mm in the LAGEOS-only solution to 0.35 mm in the combined solution. Therefore, the Z component is even better defined in the combined solution and, as opposed to GNSS estimates, it is less affected by mismodelings of solar radiation pressure (Thaller et al. 2014a ). The amplitudes of other signals are also reduced in the Z component, e.g., the semiannual signal from 1.49 to 1.28 mm (see Table 5 ).
For all geocenter components, the amplitude of the annual signal is larger in the combined solution than in the LAGEOS solution (see Table 5 ), on average by 0.45 mm. Low orbiting satellites are more sensitive to the low-degree harmonics of the Earth's gravity field, and thus, they are more sensitive to the variations of the geocenter.
Following Meindl et al. (2013) , the decomposition of the accelerations caused by the gravity field coefficient C 10 into the R, S, W system reads as:
where C 10 is related to the Z geocenter coordinate, G M is gravitational constant times Earth mass, a e is Earth radius, r is length of the satellite state vector, i is inclination angle, u is argument of latitude of a satellite. Equation 1 implies that the estimated OPR cosine parameter in the along-track direction (SC) may absorb some geocenter variations, because of the direct correlation with the geocenter-induced perturbing acceleration. Indeed, the time series of the SC parameter in LAGEOS-1/2 solutions includes two main signals: one corresponding to the draconitic years of LAGEOS, and second corresponding to the annual signal. The presence of the draconitic year signal implies that the SC parameter, as expected, absorbs some non-gravitational satellite accelerations related to the direct or indirect solar radiation pressure, whereas the annual signal can be associated with some geophysical phenomena, e.g., the geocenter motion. The correlation coefficients between the Z geocenter coordinate and the SC parameter are, e.g., −0.83, and 0.58 for LAGEOS-1, and LAGEOS-2, respectively in a 7-day LAGEOS-1/2 solution. These correlations are reduced to −0.23 and 0.15 in the multi-SLR solutions. Thus, we conclude that in the LAGEOS-only solutions with the estimation of the standard set of empirical parameters (including SC, see Table 2 ), some of the geocenter signals are absorbed by the empirical orbit parameters. In particular, the amplitude of annual signal is underestimated for the Z geocenter coordinate in the LAGEOS-1/2 solutions. In the multi-SLR solutions, the correlation coefficients between the empirical parameters and the geocenter coordinates are substantially reduced, whereas the amplitudes of the annual signal are increased. Finally, the influence of the solar radiation pressure, which is related to the orbit perturbations of the draconitic year signal, is absorbed by the empirical orbit parameters to the greatest extent in the multi-SLR solutions. Thus, the geocenter coordinates are less contaminated by orbit modeling deficiencies.
The amplitudes of other than annual and semiannual signals in X and Y coordinates of the geocenter can slightly be increased in the combined solution, but none of these amplitudes exceed the value of 0.5 mm. In summary, the quality of the estimated geocenter coordinates is comparable for the X and Y components in the LAGEOS-1/2 and in the combined solutions, whereas the quality of the Z coordinate is better in the combined multi-SLR solutions. Table 6 shows the mean offsets and WRMS values of the pole coordinates and LoD estimates w.r.t. the a priori IERS-08-C04 series (Bizouard and Gambis 2012) . In all cases, the mean offsets are not significant and they agree very well with the IERS-08-C04 series. The pole coordinates from the LEO solutions are worse in terms of the weighted RMS by a factor 1.6 than the estimates derived from the LAGEOS solutions. Schutz et al. (1989) reported that the best obtained pole coordinates from Starlette data agreed within 4.4 and 3.6 mas for the X pole and the Y pole, respectively, with values obtained from LAGEOS-1 observations. The agreement of pole coordinates between LEO and LAGEOS solutions in this analysis is at the level of 0.2 mas. The quality of SLR-derived ERP has obviously been dramatically improved within the time span of 20 years. The improvement is mostly due to using a larger number of satellites, a denser network of SLR stations, improved background models, and substantially better quality of SLR data.
Earth rotation parameters
The WRMS of the pole coordinates is reduced from 160 and 155 μas in the LAGEOS solution for the X and Y coordinates of polar motion, respectively, to 149 and 140 μas in the combined solution (see Table 6 ; Fig. 10 ). This corresponds to a reduction of 7 and 10 %, respectively. The differences in LoD estimates between LAGEOS and the combined solution are almost negligible.
As shown in Sect. 4.2, the incorporation of Stella degrades the WRMS of polar motion in a LEO solution. Therefore, we generated another multi-satellite solution by excluding Stella. The solution did, however, not show any difference of the polar motion and LoD w.r.t. the solution with five satellites, because of the heavy impact of the LAGEOS satellites. Figure 11 shows the weekly scale estimates from the Helmert transformation w.r.t. the a priori reference frame SLRF2008.
Scale
In the LAGEOS-1/2 solutions, the scale is well established, Fig. 11 Time series of scale estimates from Helmert transformation w.r.t. SLRF2008 (top) and the amplitude spectrum of scale differences (bottom) because no range biases to the LAGEOS satellites have to be estimated for most of the SLR stations. Therefore, the scale in the combined solutions is defined almost uniquely by LAGEOS, because station-and satellite-specific range biases to the LEO satellites absorb the discrepancies in the scale estimates. Both scale estimates agree to within 1 ppb for most of the epochs. The mean values of scale differences w.r.t. SLRF2008 are 0.24 and 0.33 ppb for the LAGEOS and the combined solutions, respectively. These values correspond to 1.5 and 2.1 mm. The scale differences in the LAGEOS and in the combined solutions are not significant statistically from the SLRF2008 scale, because the WRMS of the scale differences are 0.58 and 0.57 ppb, respectively. Moreover, the discrepancy between the LAGEOS and multi-SLR scales is one order of magnitude smaller than the discrepancy between VLBI and SLR scales in ITRF2008 (Altamimi et al. 2011) .
The amplitude spectrum of the combined solution shows similar amplitudes of the annual signal for the LAGEOS and the combined solutions. Artifactual spectral lines from the LAGEOS solution (caused by the mismodelings of satellite orbits) are reduced, e.g., the peak of 216.6 days, corresponding to the draconitic year of LAGEOS-2, the 108.3 day period and the 263.0 day period corresponding to the eclipsing periods of LAGEOS-2 and LAGEOS-1, respectively, and the 306.8 day period corresponding to a revolution period of equatorial longitude of LAGEOS-2 perigee w.r.t. the Sun. In the periodogram of the combined solution, only three amplitudes exceed the level of 0.08 ppb, corresponding to the annual signal, the 16.4 days, and the 52.6 days. In the LAGEOS solution, 13 amplitudes exceed the threshold of 0.08 ppb. Figure 12 illustrates the correlation matrices derived from the reduced normal equation systems of the LAGEOS-1/2 solution and of the multi-SLR solution (one weekly solution in December 2011). The matrices contain the station coordinates (parameters 1-36), , and the Earth gravity field parameters (61-75). All remaining parameters were pre-eliminated, and thus, they are implicitly included in the correlation matrices.
Correlations
The maximum correlation between the Earth gravity field parameters and station coordinates is reduced from 0.53 in the LAGEOS-1/2 solution to 0.18 in the multi-SLR solution. The correlations between pole coordinates and UT1-UTC are also greatly reduced in the multi-SLR solution. The only correlations between the ERP in the multi-SLR solution exceeding 0.25 are those between UT1-UTC for consecutive days, which is not surprising, because the PWL parameterization is applied with constraining only one UT1-UTC parameter. Finally, the correlations between station coordinates are also reduced due to the larger amount of observations and a much better observation geometry.
Range biases
The satellite's orbit refers to the satellite center-of-mass, i.e., the point whose motion reflects the orbital dynamics. The laser impulse is reflected by retroreflectors embedded on the surface of the spherical satellite. This is why a CoM correction is needed to extrapolate the laser range measurements to the satellite's center-of-mass. The value of CoM correction depends on the size, shape, type, and properties of the corner cubes, as well as properties of the ground-based systems, i.e., pulse energy, pulse width, wavelength, and receiver characteristics (Otsubo and Appleby 2003) .
We estimate the satellite-and station-specific differential range biases ( RB) to account for station-specific CoM corrections and some other station-specific systematic biases.
RB can be transformed to the CoM corrections, but then the estimated CoM corrections contain not only the differences between reflecting points and the center-of-mass of the satellites, but also the properties of the ground-based systems and other residual biases ( Bias ). RB are derived w.r.t. a priori range biases from the ILRS data handling file, provided 
.4).
For all other stations, the CoM corrections to the LAGEOS satellites are fixed to well-established station-and satellitespecific corrections, as provided by Appleby et al. (2012) 5 . Appleby et al. (2012) generated the CoM corrections for LAGEOS and Etalons using the method of matching full rate residual histograms with theoretical response functions. These new CoM corrections were adopted for generation of official ILRS products starting from October 1, 2013.
We found that RB for Starlette and Stella varies between −14 and +11 mm, but the weighted mean of RB for all stations is only 0.2 mm. This corresponds to the mean CoM correction amounting 77.8 mm. This result confirms the statement by Ries (2008) that the standard CoM correction value of 75 mm is not valid for currently operating SLR systems. Ries (2008) also states that the CoM corrections for Starlette and Stella are between 78 and 79 mm. Otsubo et al. (2012) also claim that the CoM correction for Starlette should be 78-79 mm for multiphoton systems and 75-79 mm for singlephoton systems.
For AJISAI, the estimated RB is between −6 and 46 mm, with a weighted mean of 16.1 mm. This implies a significant difference between the standard AJISAI CoM value (1,010 mm) and the empirical CoM correction (993.9 mm), which is based on estimated RB. Using the standard CoM value for AJISAI (i.e., the same value for all SLR stations) leads to degraded solutions affecting in particular the vertical component of station coordinates (Sośnica et al. 2012b ). The wrong a priori values of the CoM corrections also explain the systematic shifts of the vertical component reported by Lejba and Schillak 2011, amounting, e.g., −33 .2 mm for the Yarragadee station, −36.8 mm for Herstmonceux, +19.5 for Graz, and −28.4 mm for Greenbelt in the AJISAI-only solu-5 http://ilrs.gsfc.nasa.gov/docs/LAGEOS_CoM_Table_081023.pdf. tion. Lejba and Schillak (2011) used the fixed CoM standard corrections without estimating station-specific range biases. Using station-or system-specific CoM corrections is, thus, necessary for large-size SLR spacecrafts like AJISAI, which was already pointed out by Otsubo and Appleby (2003) . Table 7 shows the results of the LEO solutions with different treatment of range biases and a priori CoM corrections. Fixing the CoM corrections to one standard value causes an offset of up to 240 μas for the X pole coordinate, corresponding to 10 mm on the Earth's surface. The offset vanishes when estimating range biases for all SLR stations or using the resubstituted station-specific RB values. The estimation of range biases leads to the acceptable solutions even if the a priori CoM corrections are incorrect. Not estimating range biases increases the RMS of residuals in all cases, because the number of parameters is reduced and the degree of freedom of the solution is changed. Nevertheless, solution 4 from Table 7 with fixed range biases and re-substituted stationspecific RB values shows a further slight improvement of ERP estimates as compared to the solutions with estimating range biases.
The Helmert transformation of station coordinates w.r.t. SLRF2008 shows a degradation of the vertical component when the CoM corrections are fixed to the standard values (on average a repeatability of 26.3 mm) as compared to the solution when the RBs are fixed to station-specific values (the repeatability of 18.5 mm).
Conclusions and recommendations
We showed that combining the single-satellite Starlette, Stella, and AJISAI NEQs with the LAGEOS-1/2 NEQs strengthens the SLR-derived geodetic parameters. The number of SLR normal points is on average three times larger in combined solutions than in the LAGEOS-only solutions. For some SLR stations, e.g., Mendeleevo in Russia and Helwan in Egypt, the station coordinates can only be obtained from SLR data to LEO satellites, because of an insufficient number or even a complete absence of LAGEOS observa-tions. The repeatability of the East and North components of station coordinates is improved in the combined solution for those SLR stations with small numbers of LAGEOS observations.
We found that incorporating Stella into the combined solution using low orbiting spherical satellites is important for the decorrelation of LoD and C 20 , despite Stella's sunsynchronous orbit showing resonances with the diurnal and semidiurnal motion of the Sun. On the other hand, incorporating Stella slightly degrades the station and pole coordinates in the solution using only LEO satellites. Moreover, the tandem Starlette-Stella turned out not to be best suited for the estimation of station coordinates and polar motion. Much better results can be achieved from the AJISAI-Starlette-Stella solution.
The estimation of pseudo-stochastic pulses in the alongtrack direction improves not only the orbits of the LEO satellites, but also other SLR-derived parameters. Solutions without pulses increase the WRMS of the X and the Y coordinate of polar motion by 30 and 26 %, respectively. The estimation of pulses in the out-of-plane and in the radial directions does not further improve the solution. In our study, the best results were achieved when forming long arcs of 6-7 days and when setting up empirical dynamic parameters on a daily basis (Solution A and D3 in Table 3 ).
The Z component of geocenter coordinates is of better quality when combining several geodetic satellites than in pure LAGEOS-1/2 solutions; the mean a posteriori error is decreased (from 1.3 to 0.9 mm) and the correlation coefficient between once-per-revolution empirical orbit parameters SC and the Z geocenter coordinate is reduced (e.g., from −0.83 to −0.23 for LAGEOS−1). In a combined solution, the amplitudes of the annual signal for all geocenter components are increased by about 0.45 mm as compared to the LAGEOS-only solutions, whereas the amplitude of the period related to the draconitic year of LAGEOS-2 is reduced from 0.60 mm in the LAGEOS-1/2 solutions to 0.35 mm in the combined multi-SLR solutions.
The WRMS of the pole coordinates w.r.t. IERS-08-C04 series is reduced from 160 and 155 μas for the X and Y coordinates in the LAGEOS-1/2 solution, respectively, to 149 and 140 μas for the X and Y coordinates of polar motion in a combined solution. It corresponds to an improvement of 7 % for the X and 10 % for the Y coordinate.
A spectral analysis of the scale of the SLR network w.r.t. SLRF2008 shows that the artifacts related to orbit perturbations in the LAGEOS solutions, e.g., periods related to the draconitic year, are remarkably reduced in the combined solutions.
The parameters derived from the multi-satellite solutions are of better quality compared to the single-satellite solutions. The multi-satellite LAGEOS-1-Starlette-AJISAI solutions should, therefore, be considered for the realization of the reference frame, in particular for the period before the launch of the LAGEOS-2, instead of a realization based only on LAGEOS-1 data.
Finally, we showed that the AJISAI and Starlette/Stella standard Center-of-Mass Corrections, i.e., one value for all SLR stations, are not best suited for the currently operating SLR systems. This fact has already been recognized by the ILRS and is remedied through the adoption of the new, siteand time-dependent CoM models for all targets that contribute to official ILRS products, i.e., LAGEOS and Etalon satellites. The variations of differential range biases reach 52 and 25 mm for AJISAI and Starlette-Stella, respectively. Therefore, it is recommended that the station-specific CoM corrections be used instead of one value for all SLR stations or the range biases should be estimated for all SLR stations. The estimation of range biases leads to the acceptable solutions even if the a priori CoM corrections are incorrect. The station-specific range biases for AJISAI from this study explain a systematic shift of the vertical component of station coordinates in the AJISAI solutions reported by Lejba and Schillak (2011) .
